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Abstract 
Sustainable solutions for energy saving in buildings are assuming increasing interest both in the research and the industrial 
community. In this view, cool roof systems demonstrated to be interesting and effective solutions which role in energy saving for 
cooling and mitigating local and global warming is already acknowledged. In these recent years, several studies were carried out 
in order to quantify their thermal-energy effect with varying boundary conditions, while global climate analytical models were 
proposed with the purpose to evaluate the effect of high albedo solutions in terms of radiative forcing and CO2eq offset. This work 
concerns the combined analysis of thermal-energy and environmental effect of cool roof (high albedo) clay tiles with low visual 
impact, specifically optimized in order to preserve traditional residential buildings. In particular, dynamic simulation models and 
field monitoring of a real residential village were developed and the effect of such tiles is analyzed in terms of energy saving for 
cooling and of CO2eq avoided emissions due to the energy efficient intervention, coupled with the effect in climate change 
mitigation. This aspect is specifically considered by applying an analytical method elaborated in previous works, where the effect 
of high albedo surfaces in terms of CO2eq offset is quantified with varying orientation, inclination, solar reflectance and 
geographical details. The combined analysis showed how an overall annual CO2 emissions’ offset is achievable by coupling 
single-building and global assessment methodologies. In particular, the energy saving contribution saved around 141 tonnes of 
CO2eq per year, and the global warming analytical model showed that the albedo increase allowed to offset about 772 tonnes of 
CO2eq per year. This prototypical study showed how local energy analysis should be coupled to global analysis in order to have 
an exhaustive view of building retrofit strategies’ sustainability. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
and Construction 2015. 
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1. Introduction 
The total energy requirement of the construction sector represents more than the 40% of the whole energy need 
and the economic-industrial development of several countries produced important increase of energy need [1]. The 
increase of residential consumption is even more relevant [1] and in fast developing countries the construction sector 
is responsible for more than 50% of the total electricity demand [2]. In this panorama, important research and 
innovation strategies were studied with the final purpose to reduce building energy requirement and the 
environmental impact of constructions [3-4]. Several interesting research efforts were focused on the optimization of 
building envelope solar reflectance, in order to reduce the overheating of buildings and the relative energy 
consumption for cooling. These high reflectance materials were commonly defined as “cool” materials, having a 
non-negligible passive cooling effect with varying climate conditions, building architecture and occupancy, as 
demonstrated by recent research contributions [4-5]. In this view, several case studies were monitored in order to 
quantify the real energy saving contribution and indoor thermal comfort optimization due to cool envelopes. Such 
experiments were carried out even in relatively cold climate conditions such as Northern Europe and Canada [6-7]. 
All these works showed an overall annual benefit produced by cool roofs with negligible, or relatively minor, winter 
penalties. After the demonstration of such effect, other studies were carried out in order to study weathering and 
aging phenomena affecting cool materials such as paintings or membranes [8-9]. Since the important role of the 
environmental conditions affecting the durability of such materials, key researches are in progress in order to 
develop experimental benches to simulate this forcing with varying weather and boundary stresses such as pollution. 
Sprawling the boundary from the single building to the urban scale, high solar reflectance (albedo) solutions were 
acknowledged to have an interesting effect in mitigating meso-climate overheating effects, such as urban heat island 
[10-11]. Also, the same high albedo surfaces were acknowledged to contribute to global warming mitigation [12-13]. 
In this view, consistent models were developed in order to estimate the effect of high albedo surfaces exposed to 
solar radiation in terms of CO2eq offset [12].  
Albedo increase solutions, in fact, contribute to the reduction of the amount of energy absorbed by the Earth 
surface and, therefore, to mitigate global warming path imputable to anthropogenic sources [14]. Since this 
contribution is able to compensate the effect produced by the emission of greenhouse gases into the atmosphere, the 
implementation of high albedo surfaces exposed to solar radiation, e.g. cool roofs and paving, could be estimated in 
terms of CO2eq offset. In this view, an innovative methodology was developed in order to estimate the CO2eq 
abatement potential of highly solar reflective surfaces with varying geographical location of the site (latitude input 
parameter), weather conditions, slope and orientation of the surfaces, e.g. roofs and paving [12]. This analytical 
procedure could be applied for quantifying the further global environment benefit of high albedo roofs and paving 
exposed to solar radiation, as amount of CO2eq emission offset potential. Additionally, the possibility to specify both 
geometry and location of surfaces, allow to quantify the mitigation potential of specific case study buildings or entire 
areas. 
As previously mentioned, several key researches were carried out in order to identify each one of these effect, one 
at a time. This work is aimed at filling this gap in order to combine the single-building scale analysis to the global 
approach. Starting from previous research contributions about (i) cool roof innovative solutions, and (ii) the effect of 
high albedo surfaces exposed to solar radiation in terms of their potential in reducing global warming, this work is 
aimed at considering the combined energy and environmental effect of a cool roof clay tile specifically optimized to 
have a low visual impact, suitable for application in traditional architectures. To this aim, a real residential village 
located in central Italy was selected and three building categories were identified in order to allow the simplified 
numerical analysis of the energy performance of the village, with a focus on cooling electricity consumption. The 
effect of the high albedo tiles is firstly assessed by mean of energy saving potential in summer. Then this energy 
saving is equalized to the corresponding avoided CO2eq emissions due to the reduction of electricity demand in 
532   Anna Laura Piselloa and  Franco Cotana /  Procedia Engineering  118 ( 2015 )  530 – 537 
 
summer. This environmental benefit is then combined to the benefit calculated by implementing a global energy 
balance model, presented in previous papers of the same authors.  
The methodology is then applied to a district prototype of residential buildings which energy performance is 
optimized by mean of cool low-impact clay tiles and that are able to decrease their environmental impact by 
coupling the (i) energy saving contribution, and the (ii) global warming mitigation role, expressed by mean of 
equivalent CO2eq emission offset. 
2. Methodology 
The methodology consisted of a combined analytical and numerical study aimed at assessing energy 
performance of case study buildings and the potential energy saving associated to the implementation of cool clay 
tiles as first step. Then the analytical methodology proposed by Cotana et al. [12] is applied in order to estimate the 
corresponding CO2eq offset emissions produced by the implementation of high albedo roof tiles. Then the 
environmental benefit imputable to the reduction of cooling energy requirement is evaluated and the overall 
environmental result is quantified in terms of CO2eq offset. The procedure is then repeated for the selected case study 
building categories, with varying architectural features and period of construction, typically determining building 
energy performance in Italy. Finally the overall energy and environmental impact is evaluated at district level. 
2.1. Selection of the cool clay low-impact tiles 
The preparation of the cool clay tiles was carried out in order to optimize their cool roof potential but, at the 
same time, to minimize the visual impact of the material and cool coating, since the selected case study is 
represented by a green suburban hill with traditional architectures. Previous studies of the same authors were taken 
into account in order to select such kind of tile, after a preliminary in-lab characterization by mean of solar 
spectrophotometer and thermal emissometer, as reported in [15]. These instruments were used in order to analyze 
the solar reflectance of several tile samples and thermal emittance. Both these properties affect the passive cooling 
potential of the proposed tile, that is expressed in terms of solar reflection index SRI [16]. Table 1 reports the 
experimentally determined values of the selected tile and the SRI values. The proposed tile was assumed to be 
implemented on the roofs of the residential buildings within the case study district. 
Table 1. Optical properties of the low visual impact cool tile. 
Ultra Violet reflectance: 8.1% 
Visible reflectance: 59.1% 
Near Infra-Red reflectance: 81.8% 
Solar Reflectance: 67.0% 
SRI= 80 [16] 
hc= 5 W m-2K-1 
2.2. Energy analysis of the building configurations 
The residential single family buildings of the village were selected and analyzed in terms of envelope materials 
and period of construction. These features were in-field determined by mean of periodical inspection of the village 
and by mean of preliminary GIS analysis. These combined procedure allowed to consider three building categories 
in order to simplify the village energy modeling and to perform the effective energy dynamic study of three building 
typologies, where the energy performance was evaluated both before and after the implementation of the proposed 
tile. Therefore the three categories were represented by: (i) houses built before 1976 (first national standard about 
energy efficiency in Italy); (ii) houses built in the period 1976-2000, (iii) houses built from 2000 to nowadays. These 
three main periods were identified according to the national statistics about residential buildings in Italy, and the 
technical features of the buildings are reported in the following section 3. More in detail about the energy analysis, 
this procedure was performed by mean of dynamic simulation, by taking into account experimentally collected data 
deriving from previous studies. In fact, a continuous monitoring weather station is positioned in the village and one 
building has been continuously monitored for years. These deep knowledge of the area facilitated the energy 
analysis of the buildings that was performed both before and after the implementation of the cool clay tile. The 
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occupancy of the buildings was modeled by mean of simplified schedules, in all the building categories by 
considering the occupancy status of a space, as described in [17]. The air conditioning system for cooling was 
assumed to have typical average efficiency in Italy, with an EER of 1.5 and a continuous operation setup. The set-
point temperature was chosen according to the international standard and it corresponded to 26°C in terms of air 
indoor temperature [18]. Therefore, by assuming a perfect control system, the cooling electricity is only required 
when the indoor air temperature of the thermal zones is higher 26°C. 
2.3. Analysis of the environmental effect of high albedo tiles 
The analysis of the CO2eq offset corresponding to the application of high albedo tiles with low visual impact 
consisted of several steps as follows. Firstly, the analytical model aimed at quantifying the relationship between 
Earth albedo change and the mean atmospheric temperature is applied to all the inclined surfaces of the village [12]. 
In particular, the analytical model described in [12] consisted of three main steps: (i) an analytical procedure 
elaborated to compare the change in the mean earth Albedo to the change in the mean atmospheric temperature; (ii) 
the analysis of the global warming mitigation contribution in terms of equivalent CO2 compensation, where the 
observed temperature increase is assumed to be exclusively produced by the measured CO2 concentration increase. 
Then, experimentally measured characteristics of solar reflectance of the considered tiles are considered to evaluate 
the effect on the Global Climate produced by the specific roof slope optimization. 
Then the potential global warming mitigation effect is quantified in terms of CO2eq offset. Therefore, this effect 
is combined to the effect produced by the energy saving of the cool clay tile implementation. Finally, the combined 
effect is assessed in order to estimate the global warming mitigation potential of the proposed solution at district 
level. To this aim, the surface of each part of the roof in each house was analyzed and both area and inclination-
orientation characteristics were considered in the analytical model proposed by Rossi et al. [12], since it is the only 
one model considering this geometrical features of variable albedo surfaces exposed to solar radiation. Real 
measured albedo values were taken into account, as experimentally determined by mean of spectrophotometer 
measurements in previous studies. Also latitude and longitude data were considered as input parameters of the 
model, which could be considered specifically fitting the real characteristics of the residential village in central Italy. 
3. Case study village 
The case study village consists of 106 villas that were grouped in three categories by considering the period of 
construction. This consideration, together with frequent visits to the field test, drove the description of each one of 
the three modeled building categories by mean of a dynamic simulation engine. Additionally, real data about energy 
consumption of each one of these categories were used in order to evaluate the reliability of dynamic simulation 
model. Category I was represented by those buildings built before 1976. Category II took into account houses built 
in the period 1976-2000, and category III considered the newest constructions. Category I consisted of those 
building with no insulation panel within the vertical opaque envelope. Category II presented a 3 cm thick insulation 
panel, and category III presented a 10 cm thick insulation, consistently with the recent local standard enforced in the 
case study Italian region. Given the recent huge trend in improving the transparent envelope systems, all the 
categories presented double glazing panels and wood frames, assuming relatively recent retrofit intervention applied 
in all the categories of case study buildings. Table 2 reports the details of the case study area and Table 3 reports 
envelope characteristics of these three categories of buildings, that were assumed to be proper of each considered 
building in the village. Category I was attributed to 52 buildings, category II to 39, and category III included the 
remaining new 15 buildings. This selection was operated by visiting the village and by asking to the dwellers, when 
technically feasible, these information. The aerial large and detailed views of the village are reported in Figure 1. 
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Table 2. Details of the case study village. 
Building categories C-I: <1976 
C-II: [1977;2000] 
C-III: >2001  
Building general details Ground floor area: 120 m2 
First floor area: 100 m2 
Second floor area: 60 m2 
Masonry resistant structure 
Climate characteristics of the location Daily average maximum/minimum peak 
temperature:  
 Winter: 7.8°C - 1.8°C 
 Spring: 15.9°C - 7.4°C 
 Summer: 27°C - 16.5°C 
 Fall: 17.7°C - 10.4°C 
Rainfall rate: 850 mm 
Eliophany: 5.8 h/day 
Positioning Perugia, Italy 
Latitude: 43°06’59.09” 
Longitude: 12°18’38.79” 
Elevation above sea level: 522 m  
Degree Days: 2204 
Table 3. Thermal characteristic of the opaque envelope of building categories. 
Attic opaque wall C-I: Overall thermal properties: 
Thermal transmittance: 1.93 W/m2 
Internal heat capacity: 135 kJ/m2K 
No insulation panels 
C-II: Overall thermal properties: 
Thermal transmittance: 0.74 W/m2 
Insulation: 3 cm thick mineral wool panel 
Internal heat capacity: 135 kJ/m2K 
C-III: Overall thermal properties: 
Thermal transmittance: 0.30 W/m2 
Insulation: 10 cm thick mineral wool panel 
Internal heat capacity: 135 kJ/m2K 
Window glazing system for 
C-I, C-II, C-III 
Total solar transmission (SHGC):  0.691 
Direct solar transmission: 0.624 
Light transmission: 0.744 
Transmittance value: 1.9 W/m2K 
 
 
 
Fig. 1. Aerial view of the case study village. 
535 Anna Laura Piselloa and  Franco Cotana /  Procedia Engineering  118 ( 2015 )  530 – 537 
 
4. Analysis of the results  
4.1. Assessment of the cooling energy saving  
The energy year-round performance of the case study buildings was assessed in order to quantify the role of the 
proposed technology for energy saving for cooling. In particular, the electricity requirement in summer represented 
the key parameter to be assessed and the reduction of electric energy was translated into CO2eq avoided emissions, 
according to [12]. Table 4 reports the main data for each building of every technical category. Figure 2 reports the 
monthly profile of the electricity requirement of all the building categories in both cool-roof and in the non-cool roof 
configuration. The annual energy saving associated with the implementation of the cool clay tile corresponds to 
11.7%, 12.7%, 13.0% for category I, II, and III, respectively. Buildings in category III require 7.5% more electricity 
than buildings in category I. Therefore, the insulated opaque envelope produces non negligible penalties in the 
cooling season in the considered case study buildings. 
 
Table 4. Electric energy saving due to cool clay tiles and corresponding CO2eq avoided emissions. 
C-I 
Non-cool tiles: 27157.2 kWh/year 
Cool tiles: 23960.4 kWh/year 
CO2eq avoided emissions:  
C-II 
Non-cool tiles: 28657.0 kWh/year 
Cool tiles:25021.2 kWh/year 
CO2eq avoided emissions: 
C-III 
Non-cool tiles: 29784.1 kWh/year 
Cool tiles: 25912.5 kWh/year 
CO2eq avoided emissions: 
4.2. Environmental assessment of high albedo tiles 
The global environmental impact of the cool clay tiles in increasing the albedo of the case study village was here 
determined by applying the analytical model proposed in [7], and specifically applied to the case study area. To this 
aim, the surface of each roof in the simplified geometrical model considered for the energy analysis was included 
into the analytical procedure and reference roof configurations were described within the energy balance tool. 
Nevertheless, each roof was modeled by considering realistic geometry in terms of varying orientation, slope 
percentage, and surface extent. The final results show that the implementation of the high albedo tile is able to offset 
the CO2eq emission by 631 t/year deriving from the extra reflected radiation contribution corresponding to a 
reduction to the radiant forcing.  
By considering the annual avoided emissions due to the electricity saving for cooling, taking into account the 
official database Ecoinvent 3 for comparing the equivalent avoided CO2 emissions (0.386 kgCO2eq/kWhel) [19], the 
total avoided emissions are calculated by taking into account the whole village houses grouped in the three 
categories as previously described. All the houses with low albedo tiles require 2,976,558.4 kWhel/year for cooling. 
The same houses with the high albedo tiles require about 12.3% less electricity. Therefore, the optimized village 
configuration is expected to require 2,610,456 kWhel/year. Finally, the environmental benefit produced by the 
cooling energy requirement reduction corresponds to 141.2 tonnes of CO2eq per year. This amount is then combined 
with the offset CO2eq emissions calculated by mean of the global balance model for contributing to the increase of 
the Earth albedo. 
Finally, the implementation of high albedo tiles with low visual impact is able to offset about 772 tonnes of 
CO2eq per year by considering the whole contribution of the case study residential village consisting of 106 villas in 
central Italy. 
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Fig. 2. Electricity requirement for cooling in different building categories and envelope configuration. 
5. Conclusions  
This study concerned a combined analysis of the energy and environmental effect produced by the 
implementation of a high albedo low-visual-impact tiles in a residential village in Italy. A traditional architecture 
area was selected in order to properly represent Italian typicality, where classic cool roofs, i.e. white paintings and 
membranes are non-applicable, in residential buildings in particular. This area consisted of 106 villas with sloped 
roof covered by clay tiles. The optimization of the tiles was carried out in order to reduce electricity requirement for 
summer cooling and to calculate the corresponding CO2eq offset by mean of a dedicated analytical model. This 
model, previously proposed by the authors, was used to quantify the correlation between the installed high albedo 
surface area and the corresponding offsetting potential in terms of tonnes of CO2eq. The combined approach showed 
how the cool clay tile, despite its low visual impact, is able to save about 11-13% of electricity for cooling in the 
whole village with varying building category. This energy saving was estimated about to be 141.2 tonnes of CO2eq 
per year, by considering the acknowledged average emission rate associated to Italian electrical systems for cooling 
and the national grid efficiency. This environmental benefit, when coupled to the one associated to high-albedo 
strategy, was estimated around 772 tonnes of CO2eq per year, for the whole village. These results show how cool 
roofs should be considered for their key energy saving and environmental effect.  
6. Limitations and future developments  
This study, as prototypical study to assess the coupled energy and environmental effect of high albedo roofs, 
presents several simplifications. Firstly, the analysis of the case study buildings in the village was carried out by 
analyzing the overall features of the houses where only around 40% of buildings’ indoor was visited. Nevertheless, 
the complete area was analyzed and reasonable assumptions were carried out by direct observation of the building 
outdoors. Therefore, building clusters’ classification is aimed at simplifying the geometry of the problem, without 
affecting the reliability of the methodology. Further developments will take into account all the real building 
configurations and detailed field analysis of the envelope systems will allow a more detailed dynamic simulation 
modeling.  
Future studies will also consider the economic implications of the implementation of the high albedo tiles and he 
potential financial benefit deriving from associated to the proposed intervention, by considering the current EU ETS 
mechanism for the trading of emission credits. 
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